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ABSTRACT:

This article reports on the development of UDP-glucuronosyltrans-
ferase 1A9 (UGT1A9) in neonatal and pediatric liver. The substrate
4-methylumbelliferone (4MU) with specific inhibition by niflumic
acid was used to define specific UGT1A9 activity. Subsequently, in
silico pharmacokinetic (PK) and physiology-based pharmacoki-
netic (PBPK) modeling was used to determine UGT1A9 maturation
and hepatic clearance. Modeled maximal enzyme activity was 27.9
nmol � min�1 � mg protein�1 at 4 months of age, which had high
concordance with the average Vmax in 45 individual adult (>20
years) livers of 29.0 nmol � min�1 � mg protein�1. The activity of
UGT1A9 ranged 7.5-fold in the adult population (4.1–54.5 nmol �

min�1 � mg protein�1). Expression of UGT1A9 correlated with age
only in children younger than 1 year (Spearman r � 0.70). Activity

correlated with expression up to 18 years of age (Spearman r �

0.76). Furthermore, scaling intrinsic hepatic clearance of 4MU with
an allometric PK model yielded a high clearance at birth and then
fell to adult levels (1.3 l � h�1 � kg�1 at 18.1 years for well stirred or
1.4 l � h�1 � kg�1 at 18.7 years for parallel tube). The Simcyp PBPK
models did not converge but showed an increase in clearance at
under 1 year of age and then decreased to adult levels at approx-
imately 20 years of age. Allometric scaling may be more accurate
in cases of high-extraction drugs. Enzyme activities or hepatic
clearances did not differ with gender or ethnicity. The UGT1A9
isoform has higher normalized clearance for 4MU at young ages,
which may explain how other UGT1A9 substrates, such as propo-
fol, have higher clearances in children than in adults.

Introduction

Although it is well recognized that children have altered drug
disposition, knowledge of pediatric drug metabolism and pharmaco-
kinetics (PK) is sparse (Anderson, 2010). Despite this, children are
commonly switched to adult doses at approximately 12 years of age,
leading to assumptions that drug metabolism and clearance reach
adult levels during early childhood. In fact, in several cases, pediatric
drug doses are higher than in adults (Vandermeersch et al., 1989).
Prior development of pediatric dosing has been largely empirical,
based on the (incorrect) assumption that children are small adults. To
better serve children, it is essential to understand the biochemical and
physiological development of the liver and hence unique PK in
children. Such studies will help to guide more appropriate dosing,
prevent adverse chemical reactions, and improve drug development in
pediatric medicine. Furthermore, many of these drug-metabolizing
enzymes also eliminate environmental pollutants, such as pesticides

and industrial chemicals (Radominska-Pandya et al., 1999). There-
fore, understanding enzyme ontogeny is also important for preventing
toxicity and ensuring environmental safety.

The UDP-glucuronosyltransferase (UGT; E.C. 2.4.1.17) superfam-
ily is critical for the metabolic clearance of most endobiotics and
xenobiotics (Radominska-Pandya et al., 1999). The superfamily is
divided into UGT1A, UGT2A, UGT2B, and UGT3A subfamilies
containing nine, three, seven, and two isoforms, respectively (Ra-
dominska-Pandya et al., 1999). Of the known UGT isoforms, 12 are
expressed hepatically, with UGT2B10 being the only orphan enzyme
(Radominska-Pandya et al., 1999; Bock, 2010). The UGTs are gen-
erally promiscuous with high clearances, although individual isoform
specificity does occur. For example, UGT1A9 is the sole pathway for
propofol (Rowland et al., 2008) and the predominant route for my-
cophenolate (Mackenzie, 2000). Moreover, although UGT ontogeny
is not completely defined, each isoform seems to follow the same
general pattern (i.e., they are all low/absent at birth and develop in
weeks to months). Such global lack of neonatal glucuronidation may
be critical not only for specifically substrates, but also in the broad
context of exposure to xenobiotics and pollutants, where neonates lack
protective redundancy.

Within the UGT1A subfamily, UGT1A9 is expressed in multiple
tissues including the liver, intestines, and kidneys (Strassburg et al.,
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1999) and may be present in the placenta (A. C. Collier, unpublished
data). In addition to being the specific or major pathway for several
drugs, it is also important in the metabolism of planar phenols, bile
acids, fatty acids, hormones, and tobacco procarcinogens (Radomin-
ska-Pandya et al., 1999; Tsoutsikos et al., 2004). Although functional
polymorphisms in UGT1A9 are not common, the major allelic variant
UGT1A9*3/*3 confers very low activity in approximately 4% of the
population and is problematic for patients undergoing cancer treat-
ment using irinotecan/7-ethyl-10-hydroxycamptothecin (SN-38) (Vil-
leneuve et al., 2003).

The UGT1A9 isoform is absent from fetal liver (Strassburg et al.,
2002), and the postnatal development of hepatic UGT1A9 has not
been reported. Current knowledge of UGT development shows that
general activity (using substrates metabolized by multiple isoforms)
develops at the same rate in the first 6 months of life, regardless of the
gestational age at birth, and that mRNA for all hepatic UGTs are
expressed within this same timeframe (Onishi et al., 1979; Kawade
and Onishi, 1981; Strassburg et al., 2002). Data from our laboratory
and others have shown that individual hepatic UGT isoforms develop
independently, with UGT1A1, UGT1A4, and UGT2B7 being very
low or absent and UGT1A6 possessing up to 50% of adult activities
at birth (Zaya et al., 2006; Miyagi and Collier, 2007, 2011). This is in
contrast to the cytochromes P450 (P450s), where many of the critical
isoforms have been determined in both the fetal and the neonatal liver.
Moreover, P450 activities can be present at adult levels in the fetus/
neonate or, similar to UGTs, may arise in the postnatal period (Hines,
2008).

We hypothesized that UGT1A9 develops before adulthood (21
years). To test this, the isoform’s activity was determined in micro-
somes from 50 normal pediatric liver samples (0–20 years of age) and
45 adult liver samples (21–78 years of age) with the positive control
being UGT1A9 activity in a pool of adult liver microsomes (n � 200).
The general UGT substrate 4-methylumbelliferone (4MU) with and
without the UGT1A9-specific inhibitor niflumic acid (NFA) was used
for activity studies (Miners et al., 2011). Using a classic two-stage PK
approach, we employed both allometric (PK) and physiology-based
PK (PBPK) models to determine maturation of UGT1A9, estimate
hepatic clearance from in vitro data, and assess population variability.
Finally, we hoped to assess which model is more clinically relevant
and accurate in terms of pediatric scaling.

Materials and Methods

Materials. Bicinchoninic acid kit, bovine serum albumin (BSA), 4MU
sodium salt, alamethicin (from Trichoderma viride), MgCl2, Tris, and UDP-
glucuronic acid were purchased from Sigma-Aldrich (St. Louis, MO). NFA
was from MP Biomedicals (Solon, OH). Secondary antibodies were purchased
through Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).
Streptavidin-horseradish peroxidase was purchased through GE Healthcare
(Chalfont St. Giles, Buckinghamshire, UK). Pierce enhanced chemilumines-
cence (ECL) Western Blotting Substrate was purchased through Thermo
Fisher Scientific (Waltham, MA).

Pediatric and Adult Liver Samples and Demographics. Pediatric and
adult liver microsomes were purchased from XenoTech, LLC (Lenexa, KS),
Puracyp, Inc. (Carlsbad, CA), and Invitrogen (Carlsbad, CA). All tissues were
derived from post-mortem donors with healthy livers that were acquired
through the United Network for Organ Sharing with various causes of death
(anoxia, cerebrovascular aneurysm, head trauma, or motor vehicle accident).
The samples were processed within 8 h post mortem and were free of any
infectious disease. Protein content of the microsome samples was provided by
the companies. Eight samples were processed from individual S9 fractions,
which were separated into cytosol and microsomes by centrifuging at 100,000g
for 1 h (Collier et al., 2002). Microsome pellets were resuspended in 0.1 M Tris
buffer with 5 mM MgCl2 at pH 7.4, and protein content was assayed by the
bicinchoninic acid method using BSA as a standard (Smith et al., 1985).

Commercially purchased samples were also assayed by bicinchoninic acid to
validate protein content. Pediatric and adult demographics are shown in Table 1.
Pediatric microsomes (n � 50) were derived from single livers, and our study
included African American (12%), American Indian (2%), Asian (2%), White
(66%), and Hispanic (12%) descent with three samples of unknown ethnicity,
with 32% female and 68% male donors. Ages ranged from 13 days to 20 years
of age, with an average age of 8 years. Adult liver microsomes (n � 45) were
derived from single adult donors and contained African American (2%), Asian
(2%), White (87%), and Hispanic (9%) ethnicities with 38% female and 62%
male donors. Ages ranged from 21 to 78 years, with an average age of 50 years.
Pooled adult liver microsomes (Xtreme; XenoTech, LLC) were derived from
200 donors and contained African American (4.5%), Asian (1.5%), White
(86%), and Hispanic (8%) ethnicities with equal numbers of men and women
(100 each). The average age was 48, with a range of 11 to 83 years.

Western Blot for Hepatic UGT1A9. The expression of UGT1A9 was
assessed with Western blot as described previously (Sutherland et al., 1992).
Primary antibodies were generated by multiple antigenic peptide technology
(Posnett et al., 1988) using the sequence SNCRSLFKDKKLVEYLKES. Pep-
tide sequence antigenicity was determined using JaMBW Antigenicity plot
(www.bioinformatics.org/JaMBW/3/1/7). Lack of sequence homology to other
UGT isoforms was evaluated with ClustalW (www.ebi.ac.uk/clustalw) and
Basic Local Alignment Search Tool (www.ncbi.nlm.nih.gov). A sheep was
inoculated with 0.3 mg of peptide, and four immunizations were administered
4 weeks apart with bleeds being taken after the second, third, and fourth
immunizations. Peptide synthesis was performed by AltaBioscience (Birming-
ham, UK), and antibody production by Alba Bioscience (Edinburgh, UK).
Microsomes from individual pediatric livers (5 �g) and pooled adult livers
(positive control, 5 �g) were resolved on a 10% SDS-polyacrylamide gel
electrophoresis gel under reducing conditions, transferred to polyvinylidene
difluoride membranes with semidry transfer (Bio-Rad Laboratories, Hercules,
CA), and then blocked in Tris-buffered saline with 0.1% Tween 20 at pH 9.0
(TBS-T) containing 5% nonfat milk powder overnight. Subsequently, mem-
branes were washed and incubated with primary antibody (sheep anti-
UGT1A9, 1:2000, TBS-T with 5% nonfat milk) for 2 h at room temperature.
After primary incubation, membranes were washed with TBS-T, incubated
with biotinylated donkey anti-goat antibody (1:10,000, TBS-T with 5% nonfat
milk powder) for 1 h at room temperature, washed another time, and then
incubated with streptavidin-biotinylated horseradish peroxidase (1:15,000,
TBS-T) for 1 h. Before detection, membranes were washed a final time, and
bands were detected with ECL reagent for 30 min. Confirmation of even
protein loading was established by staining gels with Coomassie Blue. The
intensities of protein bands on membranes (one lane per individual sample per
blot; each blot was performed three separate times) were calculated using
ImageJ software (National Institutes of Health, Bethesda, MD) and were
normalized to the pooled control included on every membrane. Bands were
expressed in relative area density units.

UGT1A9 Activity with 4MU and NFA. The activity of UGT1A9 was
determined using the general UGT substrate 4MU (at 100 �M) in the presence
and absence of the UGT1A9-specific inhibitor NFA at 2.5 �M (Miners et al.,
2011) as described previously (Collier et al., 2000) except that alamethicin (50
�g/mg protein) was used as the activator. Specific UGT1A9 metabolism was
calculated as follows: [(rate with 4MU � (rate with 4MU � NFA))]. Reactions
were performed in a 96-well microplate and detected using a Gemini XS

TABLE 1

Summary table for sample demographics

Demographic Pediatric (n � 50) Adult (n � 45) Xtreme (n � 200)

% (n)

Ethnicity
African American 12 (6) 2 (1) 4.5 (9)
American Indian 2 (1) 0 (0) 0 (0)
Asian 2 (1) 2 (1) 1.5 (3)
White 66 (33) 87 (39) 86 (172)
Hispanic 12 (6) 9 (4) 8 (16)

Sex
Female 32 (16) 38 (17) 50 (100)
Male 68 (34) 62 (28) 50 (100)
Age range 13 days–20 yr 21–78 yr 11–83 yr
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microplate fluorometer (Molecular Devices, Sunnyvale, CA). Results were
transformed to pmol � min�1 � mg protein�1 using a standard curve generated
with 4MU (r2 � 0.9994 � 0.009). The intra-assay and interassay column
volumes for the pooled adult human liver microsomes (positive controls) were
15.9 and 18.3%, respectively. Each sample was assayed in triplicate. Samples
were not assessed for the UGT1A9*3/*3 variant.

PK, Scaling, and Statistical Analyses. A two-stage approach to estimating
population PK was undertaken. Adult levels of enzymatic activity and nor-
malized clearances were determined using a one-phase exponential association
nonlinear equation (eq. 1), fitted using GraphPad’s robust nonlinear regression
and outlier removal (GraphPad Software Inc., San Diego, CA). This model
assumes that an enzyme will start at some activity at birth and increase with a
constant rate of development (K) that fits a curve ending in a maximal rate of
action (plateau). The value Y0 represents initial activity after birth (constrained
so Y0 � 0), and Ymax represents the maximal rate of the enzyme reaction.
Activity models were not weighted.

Y � Y0 � �Ymax � Y0��1 � e�KX� (1)

For analysis, a table of XY coordinates defining the modeled curve was
generated, and the “age of adult activity/clearance” was defined as the young-
est age at which activity reached within 90% of the plateau level (90th
percentile).

The compound NFA exhibits mixed (competitive and noncompetitive)
inhibition for UGT1A9, and using Michaelis-Menten kinetics to scale for
Vmax is not appropriate. Instead, the two-site model is used (Miners et al.,
2011) (eq. 2):

v �
Vmax � �S�

Km�1 � �I�/Ki� � �S��1 � �I�/Ki
	�

(2)

In eq. 2, Ki (0.11) and Ki	 (0.30) represent the inhibitor constants for the
enzyme inhibitor and enzyme inhibitor substrate complexes, respectively
(Miners et al., 2011). Here, [S] is the substrate concentration (4MU, 100 �M)
and [I] is the inhibitor concentration (NFA, 2.5 �M). The literature value for
the Michaelis constant, Km, is 8.0 �M, which was derived from recombinant
UGT1A9 (Uchaipichat et al., 2004).

To evaluate hepatic drug clearance, our enzyme kinetic results were mod-
eled using both the well stirred (eq. 3) and the parallel tube equations (eq. 4).

CLhepatic (l/h) �
Qhepatic � fu � CLint

Qhepatic � fu � CLint
(3)

CLhepatic (l/h) � Qhepatic � �1 � e
�CLint
fu

Qhepatic � (4)

Here, Qhepatic is hepatic blood flow, fu is fraction unbound in blood, and CLint

is intrinsic clearance. Hepatic clearances were generated by using eqs. 3 and 4
and experimental intrinsic clearances (Vmax/Km), assuming a liver size of
1500 g and a hepatic flow rate of 1.5 l/min for adults. Microsomal protein per
gram of liver (MPPGL) was unknown, so the standard variable of 40 mg/g
(Barter et al., 2008) was used for adults and in the allometric model. Because
no values for 4MU blood unbound fraction exist, the fu for HEK293 cell lysate
was 0.95. However, 4MU binds to human serum albumin (HSA). In an
HEK293 lysate containing 2% HSA, fu decreased to 0.14. Because this value
is closer to the 4% physiological average, this value will also be used instead
(Rowland et al., 2007). Furthermore, previous experiments show the “albu-
min” effect on Vmax is negligible, with increases less than 3% in the presence
of HSA (0.1, 1.0, and 2.0%) versus incubations without HSA (Rowland et al.,
2008).

Subsequently, an allometric model (eq. 5) was used to scale calculated adult
clearances (well stirred and parallel tube) to pediatric clearances using chil-
dren’s weight as the scalar.

CLpediatric (l/h) � CLhepatic � � Wi

Wstd
�

3
4

(5)

Here, Wi is the weight of the individual, and Wstd is the weight of an average
adult (20 years of age). Weight of each individual child was used, except for
eight subjects for whom weights were estimated using the 50th percentile for

age and gender from the National Center for Health Statistics (2000) growth
charts. The average adult weight used was the 50th percentile at 20 years for
each gender. Allometric scaling was also used for individual adults if they
differed from the average adult weight.

In addition, a second PBPK model derived from Simcyp Pediatric (Shef-
field, UK) was used (Miyagi and Collier, 2011). The model calculated liver
size maturation (eq. 6), Qhepatic (eq. 7), MPPGL (eq. 8), and [P]Pediatric (eq. 9),
the amount of pediatric albumin. The fraction unbound in the pediatric pop-
ulation, fu,Pediatric, was calculated (eq. 10) using adult fu and pediatric albumin
levels, where [P]adult is 44 g/l (McNamara and Alcorn, 2002). Body surface (in
m2) was calculated on the basis of height and weight of the individual (eq. 11)
using a variation of DuBois and Dubois (Wang et al., 1992), where height is
in centimeters and weight is in kilograms. For the 15 individuals where height
and/or weight were missing, values were estimated using the 50th percentile
for age and gender from the National Center for Health Statistics (2000)
growth charts. The calculated values using the Simcyp equations were then
used to calculate hepatic clearance using eqs. 3 and 4. Because fu, MPPGL,
Qhepatic, and liver size were scaled individually for each donor on the basis of
age or body surface area, the allometric model was not applied here.

Liver Size (g) � �Body Surface Area�1.176 � 0.722 (6)

Qhepatic (l/h) � 0.265 � 10��0.6492�1.943
Age�0.8118
Age^2�0.08891
Age^3�

(7)

MPPGL (mg/g) � 10�1.407�0.0158
Age�0.000382
Age^2�0.0000024
Age^3� (8)

�P�Pediatric (g/l) � 1.1287 � LN�Age� � 33.746 (9)

fu,Pediatric �
1

1 �
�1 � fu,Adult� � �P�Pediatric

�P�Adult � fu,Adult

(10)

BSA �m2� � 0.007184 � Height0.725 � Weight0.425 (11)

For adults, liver size, Qhepatic, and MPPGL were determined, but fu values
were set to their adult levels at 0.14. Goodness of fits for each model were
assessed with an F-test, r2 values, absolute sums of squares, and S.E. of
estimates (Sy.x). Both allometric and Simcyp clearance values were normal-
ized to individual body weights. All analyses were performed using GraphPad
Prism 5.

Results

UGT1A9 Activity. The activity of UGT1A9 developed in an
age-dependent manner. Data were fit over the age range of pediatric
samples (13 days to 20 years of age) against one-phase exponential
association (starting at a number greater than or equal to zero),
biphasic (that will model a rise to a peak and then fall to a plateau),
and sigmoidal equations. Comparisons of models using the F-test
indicated that a one-phase exponential equation was the best fit model.

The model reported zero activity at birth, increasing to a maximal
plateau of 27.9 � 1.5 nmol � min�1 � mg protein�1 [95% confidence
interval (CI), 25.0–30.9] at approximately 4.0 months of age (Fig. 1).
The average of all 45 individual adult clearances was 29.0 � 1.8
nmol � min�1 � mg protein�1, which is in excellent agreement with the
model-derived peak pediatric activity. The model-derived maximal
activity also has reasonable concordance with the average rate of
metabolism from pooled adult liver microsomes (39.2 � 0.9 nmol �
min�1 � mg protein�1). Adult values for 4MU metabolism ranged
7.5-fold (4.1–54.5 nmol � min�1 � mg protein�1), and activities did not
differ with gender or ethnicity (data not shown). Samples were not
assessed for the UGT1A9*3/*3 variant.

UGT1A9 Protein Expression. The specificity of the antibody
produced was tested using immunoblot analysis against recombinant
human UGTs, cell lysates, and human liver and kidney microsomes.
The antibody was specific only to recombinant UGT1A9 and Sf9 cells
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expressing recombinant UGT1A9. These bands matched the corre-
sponding band in the human microsomal samples (Fig. 2A). The
UGT1A9 protein was detected in our samples at 55 kDa (Fig. 2B).
Protein was visible at all postnatal ages and did not differ significantly
with gender or ethnicity. The protein expression of UGT1A9 corre-
lated with age for children younger than 1 year (n � 11, P � 0.02,
Spearman r � 0.70), with expression reaching adult levels at 3.8
months of age (Fig. 2C). Furthermore, enzyme activities of UGT1A9
correlated significantly to amounts of protein in children up to the age
of 20 years (n � 48, P � 0.0001, Spearman r � 0.76; Fig. 2D), but
not in adults (n � 36, P � 0.31, Spearman r � 0.17; Fig. 2E). An
11-fold range in protein expression was observed in adults (2.4–28.7

density units). The experimental adult average of 8.7 � 5.5 density
units was in good agreement with the modeled plateau of 5.5 � 0.4
density units.

An additional subset of microsomal samples (n � 8) was derived
by differential centrifugation in-house from commercially supplied
S9 fractions. Despite being diluted to the same concentration as all
other samples, and despite returning similar activities, these eight
samples consistently returned significantly higher protein expres-
sion when assessed by Western blot. The average density units
were 53.9 � 13.6 (range, 41.1– 83.1), and this corresponds to
approximately 11-fold greater apparent protein expression in the
subset of samples derived this way (data not shown). These sam-
ples were not included in our analyses of UGT1A9 protein expres-
sion but were used in calculating the development of enzyme
activity.

PK Modeling for UGT1A9. Samples from subjects younger than
21 years were used to model clearance because increases in UGT1A9
activity were observed to occur within the first years of life. Including
adult values can assist in defining the accuracy and precision of our
modeled “plateau” for UGT activity, but too many samples in the
older age range may have inappropriately skewed the model (because
it is unweighted). The modeled clearance values and goodness of fits
for UGT1A9 in both the well stirred and parallel tube PK models are
shown in Table 2. The allometric models showed a higher initial
normalized clearance and then decreased to adult levels. Apparent
normalized adult clearance plateaued at 1.2 � 0.1 and 1.2 � 0.1 l �
h�1 � kg�1, for well stirred and parallel tube models, respectively
(Fig. 3, A and B). The adult clearance was reached at 18.1 (well
stirred) and 18.4 years (parallel tube). The Simcyp models did not
converge, but data showed an increase in activity until approximately
1 year of age and then slowly decreased to adult levels by 20 years of
age (well stirred, Fig. 3C; parallel tube, Fig. 3D).

Discussion

The development of UGT1A9 is age-dependent, reflecting pub-
lished studies for UGT1A4 (Miyagi and Collier, 2007), UGT1A1/1A6

FIG. 1. The development of UGT1A9 activity in the pediatric liver. Apparent
maximal adult activity is reached at 4.0 months with apparent mean adult activity
being 27.9 � 1.5 nmol � min�1 � mg protein�1. Range for all samples was 0 to 81.5
nmol � min�1 � mg protein�1, and range of adult (�20 years) was 4.1 to 54.5 nmol �
min�1 � mg protein�1. The model is fit from ages 0 to 20 years, unweighted, and
constrained by medium convergence criteria requiring five consecutive iterations of
the fit to change the sum of squares by less than 0.0001%. The dashed line
represents the pooled sample (n � 200), and the dotted line is the averaged
individual adult samples (n � 45). Data shown are mean � S.E.M.

FIG. 2. Protein expression of UGT1A9 in pediat-
ric and adult livers and correlation of protein to
activity levels. A, specificity of anti-UGT1A9 an-
tibody. Each lane was loaded 30 �g of recombi-
nant UGT isoforms or cell lysates as well as
samples of human liver and kidney microsomes.
B, representative Western blots of UGT1A9.
Lanes 1 to 11, individual samples. Lane 12,
pooled microsome. Lane 13, recombinant
UGT1A9, positive control. C, protein expression
increased with age, peaking at 3.8 months. Range
for all samples was 0.7 to 16.3 normalized density
units, and range of adult (�20 years) was 2.4 to
28.7 normalized density units. The dashed line
represents the pooled sample (n � 200), and the
dotted line is the averaged individual adult sam-
ples (n � 37). D, protein activity showed corre-
lation to activity levels in children (0–20 years).
Two-tailed Spearman correlation returned P �
0.0001 and r � 0.76. E, protein activity did not
show correlation to activity levels in adults (�20
years). Two-tailed Spearman correlation returned
P � 0.31 and r � 0.17. Protein expression was
determined by Western blot using an anti-
UGT1A9 antibody. Band intensities (one lane per
individual sample per blot; each blot performed
three separate times) were calculated using Im-
ageJ software (National Institutes of Health) and
were normalized to the pooled samples on each
Western blot. ADU, area density unit. Enzyme
activity correlation data shown are mean �
S.E.M.
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(Miyagi and Collier, 2011), and UGT2B7 (Zaya et al., 2006). The
fitted model indicates that UGT1A9 activity is not present at birth and
reaches adult levels by 4 months of age, which is in good agreement
with the finding of Strassburg et al. (2002).

Previously, we postulated UGT1A isoforms are post-transcription-
ally modified and/or demonstrate allosteric mechanisms because ex-
pression did not correlate to activity for UGT1A1/1A6 (Miyagi and
Collier, 2011). Herein, UGT1A9 positively correlates expression with
activity as the enzyme develops in children, similar to UGT2B7 (Zaya
et al., 2006). The correlation is lost in adults. There are several
possible explanations. The antibody used and the ECL detection
system (compared with tetramethylbenzidine previously) may have
allowed for more sensitive Western probing (Milne et al., 2011), or
UGT1A9 may be regulated differently than UGT1A1/1A6. Our data
seem to indicate that once maximal activity is reached in children,
post-transcriptional and/or allosteric mechanisms modulate UGT1A9
activities in adults, providing a level of environmental responsiveness.
To better understand this phenomenon, further examination of mo-

lecular mechanisms driving hepatic UGT isoform expression is
necessary.

Some regulatory aspects of UGT1A9 are known. Barbier et al.
(2003) demonstrated enhanced expression and activity in hepatocytes
with the treatment of peroxisome proliferator-activated receptor � and
� activators. In addition, UGT1A9 is regulated by hepatocyte nuclear
factors 1� and 4�, with binding of hepatocyte nuclear factor 4� being
essential for up-regulation (Gardner-Stephen and Mackenzie, 2007).
Aryl hydrocarbon receptor signaling and nuclear factor erythroid-
related factor 2 binding to antioxidant and xenobiotic response ele-
ments have been implicated in transcriptional regulation of UGT1A9
(Kalthoff et al., 2010). These studies support our speculation that
development of UGT1A9 is transcriptional in the neonate, but that the
loss of protein/activity concordance in children older than 1 year is
due to genetic and environmental influences including nuclear recep-
tor cross-talk.

A novel finding from this study is the effect of subcellular frac-
tionation and freeze-thaw cycles on UGT expression by Western blot.
Eight individual liver samples were received as S9 fractions. The
frozen S9 samples were thawed, microsomes were prepared by dif-
ferential centrifugation, then aliquoted and refrozen before a third
thaw for activity assays. Although activities were not markedly dif-
ferent between these eight samples and the other individual samples,
Western blots uniformly showed approximately 11-fold higher levels
of protein even though both in-house and commercial samples had the
same protein content. Because activities between the in-house and the
commercially processed microsomes were the same, this finding has
important implications. When attempting to pool samples from dif-
ferent laboratories, consistent sample preparation and storage param-
eters will be vital to prevent confounding of protein expression results.

There was also divergence between the allometric PK and Simcyp
PBPK models for the maturation of 4MU clearance by UGT1A9. The
allometric PK model returned high initial clearances that decreased to
adult levels over many years, with neonatal clearances being almost
twice the adult clearances. In contrast, Simcyp PBPK models returned

TABLE 2

Summary table for modeled clearance values

Clearances are expressed as l � h�1 � kg�1.

UGT1A9 Clearance

Well Stirred Parallel Tube

Parameter Allometric Simcyp Allometric Simcyp

Normalized adult
clearance

1.1 1.2

r2 0.7 0.8
95% CI of adult

clearance
1.0, 1.3 Did not

converge
1.1, 1.4 Did not

converge
Age at adult

activity
17.9 yr 19.5 yr

Absolute sum of
squares

4.8 4.4

Sy.x 0.19 0.18

FIG. 3. The scaled hepatic clearance of 4MU
by UGT1A9 in pediatric liver. A, allometric PK
model well stirred. Initial clearance starts at
2.05 and drops to a plateau to an apparent adult
clearance of 1.1 � 0.1 l � h�1 � kg�1 at 18.1
years. B, allometric PK model, parallel tube.
Initial clearance starts at 2.3 and drops to a
plateau to an apparent adult clearance of 1.2 �
0.1 l � h�1 � kg�1 at 18.4 years. C, Simcyp
PBPK model, well stirred. D, Simcyp PBPK
model, parallel tube. All models are fit from
ages 0 to 20 years, unweighted, and constrained
by medium convergence criteria requiring five
consecutive iterations of the fit to change the
sum of squares by less than 0.0001%. The
dashed line represents the pooled sample (n �
200), and the dotted line is the averaged indi-
vidual adult samples (n � 45). Data shown are
mean � S.E.M.
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low neonatal clearances that increased then decreased to adult levels.
These differences may be attributed to individual factors included in
the PBPK model that the PK model does not take into account.
Alternatively, because only enzyme activity, albumin, Qhepatic, and
MPPGL maturation are directly used in the PBPK model, the allo-
metric PK model may be less precise but more robust to other
maturation factors that have not been specifically included. In addi-
tion, Anderson and Holford (2009) compared scaling with BSA (our
PBPK model) to the 3⁄4-allometric scaling (our PK model) and con-
cluded that the 3⁄4-model is generally better. Therefore, the error in the
BSA scalar may have propagated itself when used to calculate whole
liver clearance, giving an underestimated value. We have stated
previously the importance of assessing which models may be superior
for certain data types. It seems that for UGT1A9/4MU clearance, the
allometric model is more accurate, and this may be an important
characteristic when considering scaling for high extraction drugs.

Of note is the similarity between our allometric 4MU/UGT1A9
clearance and reported clinical pediatric clearance of propofol. The
calculated 4MU/UGT1A9 clearance was flow-limited and showed
similarities to clinical propofol clearance, which over 50% hepatically
glucuronidated by UGT1A9 (Murat et al., 1996; Rowland et al.,
2008). Clearance per body weight is higher in younger children than
in adults. For example, calculated Qh is 1.8 l � h�1 � kg�1 at 1 year of
age and 2.7 l � h�1 � kg�1 at 5 years of age compared with the adult
rate of 1.3 l � h�1 � kg�1 (Edginton et al., 2006). This is a contributing
factor why children need higher propofol dosages than adults. Past
speculation has included that pediatric dosing differences for propofol
were due to PK and/or drug sensitivity (Peeters et al., 2006), and the
data presented may indicate that higher propofol clearance in children
is PK. This fact, in conjunction with lower levels of albumin and
protein binding, may contribute to the clearance rates of other
UGT1A9-metabolized drugs, such as SN-38 (Thompson et al., 2008)
and mycophenolic acid (Bhatia et al., 2010), which require greater
dosages in children than in adults. For example, children younger than
6 years have higher clearance for mycophenolate than children older
than 6 years (Bhatia et al., 2010).

Because growth and development continue into the late teens, the
modeled age range for children (up to 20 years of age) seemed
appropriate. For example, cardiac output and hepatic blood flow
increase well into the late teens, as does total blood volume (Edginton
et al., 2006). Other studies have reported changes in clearances until
16 years of age (Chien et al., 2005). Finally, in regards to the
mathematical modeling, extension of this age range allows us to
clearly define the plateau, thereby increasing the robustness of the
definition of maturation.

The data presented concur with the findings of Anderson and
Holford (2009) by showing that the allometric scaling was more
accurate than using BSA, especially for high extraction drugs where
clearance is flow-limited. Comparisons between PK and PBPK mod-
els and evaluation of model-specific parameters are vital to strength-
ening the sensitivity and robustness of in silico approaches for PK
analyses. It seems that for the UGTs, differing models return similar
predictions of clearance and maturation for low extraction chemicals
where the pathways are not flow-limited (Miyagi and Collier, 2007,
2011). However, this is not the case for UGT1A9, where the allomet-
ric model predicts maturation at age 18 and the Simcyp PBPK model
did not converge. One potential reason is that compared with the
P450, scaling of UGTs is underpredictive (Miners et al., 2006; Miyagi
and Collier, 2011). The latency of UGTs has been reasoned as a cause
because P450s do not have this characteristic (Radominska-Pandya et
al., 1999). We postulate another reason that stems from the original
method used to derive the standard MPPGL (40 mg/g liver tissue).

Hakooz et al. (2006) used total protein determination along with the
P450 spectrum shift and cytochrome C reduction by P450 reductase to
generate the relationship of MPPGL. This number is now used for
scaling all liver microsomal content and has not been problematic
because most research centers on drugs cleared by P450. However, for
substrates that are not primarily cleared by hepatic P450s and do not
have flow-limited clearance, scaling may be confounded because the
relative amount of other enzymes in microsomes may differ from
P450 content. In the future, improving scaling for drugs metabolized
through pathways distinct from P450s may involve a different scalar
for MPPGL that is specific to the enzyme family of interest.

There are a couple of limitations to our study. One is the lack of
samples for children younger than 2 years. However, it is also im-
portant to note that our study derived microsomes from normal,
healthy liver, thereby avoiding confounding results from disease.
Because the majority of enzyme development seems to occur in the
first 2 years after birth, future ontogenetic studies should focus on
collecting samples in this area to establish a more accurate depiction
of liver physiology. These types of data will help to improve accuracy
in scaling for pediatric clearances as well as improve pediatric drug
safety. Also important is that the use of recombinant UGT1A9 Km and
fu derived from in vitro incubations containing HSA may underpredict
or overpredict our modeled clearance because Km values differ be-
tween recombinant and human liver microsomes and unbound frac-
tion may be different in blood.

The most significant finding of this study is the description of
UGT1A9 maturation in children where protein expression and activ-
ities correlate. Thereafter, we did not observe a protein/activity rela-
tionship in the adult population, likely demonstrating the interplay of
genetic and environmental variables. These data imply that genetic,
more so than environmental, mechanisms are responsible for activat-
ing UGT1A9 in children, with adult UGT1A9 activity being modu-
lated by additional mechanisms. Ultimately, through understanding
the attributes unique to pediatric biotransformation, we will be able to
reduce adverse drug and chemical reactions in children and better
serve the pediatric medical community.
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